ABSTRACT
INTRODUCTION
Antisense oligonucleotides are now attracting interest for their potential to be developed as a new class of drugs for treatment of inveterate diseases such as cancer and viral diseases. For practical application of antisense methodology, it is essential to develop modified oligonucleotides, which strongly interact with single-stranded RNA (ssRNA) in a sequence-specific manner (1) (2) (3) . The sugar moiety of natural nucleosides and single-stranded oligonucleotides exists in an individual equilibrium mixture between S-type and N-type conformations. However, it is well known that the B-form DNA duplex possesses the S-type sugar conformation, and that a range of N-type sugar conformation (pseudorotation phase angle, 0 P 368) are adapted to the A-form RNA duplex structure ( Figure 1 ) (4) (5) (6) . Therefore, modified oligonucleotides, which have sugar moiety restricted to the S-type or N-type conformations in advance, are expected to have high binding affinity with complementary ssDNA or ssRNA respectively. We have so far developed various kinds of bridged nucleic acids (BNAs) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , the sugar conformation of which is restricted or locked by introduction of an additional bridged structure to the furanose skeleton. It has been observed that 2 0 ,4 0 -BNA (9,10)/ LNA [The 2 0 ,4 0 -BNA was independently synthesized by the group of Wengel et al. immediately after our first report (9) , and it is called a locked nucleic acid (LNA). See refs (3, (20) (21) (22) ] (Figure 2 ), which is a BNAs with its sugar moiety fixed to an N-type conformation by fivemembered ring, prominently hybridizes to ssRNA targets. An X-ray crystallographic analysis of 2 0 ,4 0 -BNA showed that the maximum out-of-plane ( max ) value was 578, and that this value is larger than an adapted value ( max ¼ 38.68 AE 38) to natural A-form RNA duplex (4) (5) (6) , so the N-type nature of 2 0 ,4 0 -BNA was emphasized due to the restriction of the sugar moiety by the small fivemembered ring. Other nucleic-acid analogues with a different type of bridged structure between the 2 0 -and 4 0 -positions, which have six-and seven-membered ring, have been reported (16) (17) (18) (19) (23) (24) (25) (26) (27) (28) (29) . In one of these studies, we described the synthesis and properties of 2 0 -O,4 0 -Caminomethylene BNA ( [NMe] is restricted to the N-type conformation as seen in natural A-form RNA duplex. This suggested that the sugar conformation restricted by the bridged structure between the 2 0 -and 4 0 -positions approximated to the adapted sugar conformation of the natural A-form RNA duplex because of increased ring size. Recently, we designed 2 0 ,4 0 -BNA COC , bearing a seven-membered bridged structure, and successfully synthesized the 2 0 ,4 0 -BNA COC monomers having pyrimidine nucleobases ( Figure 2 ) (30). The oligonucleotides containing these monomers show high affinity with complementary ssRNA. An X-ray crystallographic analysis of 2 0 ,4 0 -BNA COC bearing thymine showed that the P and max values were 178 and 388, respectively. This revealed that the sugar conformation of 2 0 ,4 0 -BNA COC , which is restricted by a large seven-membered ring, is identical with the N-type sugar puckering fit to canonical A-form RNA duplex, and that 2 0 ,4 0 -BNA COC has the closest sugar conformation among nucleic-acid analogues with a different type of bridged structure between the 2 0 -and 4 0 -positions. It is of great interest to synthesize 2 0 ,4 0 -BNA COC bearing a purine nucleobase for potential use in a wide variety of applications and to investigate the conformations of oligonucleotides containing 2 0 ,4 0 -BNA COC . Moreover, conformational analysis of duplex, which is formed from fully modified oligonucleotides consisted of 2 0 ,4 0 -BNA COC , is very fascinating. In general, a purine glycosidic linkage is more acid-labile than a pyrimidine glycosidic linkage (31). Therefore, it is readily expected that the acidic conditions used for the synthesis of 2 0 ,4 0 -BNA COC with a pyrimidine nucleobase are not suitable for the purine congener (Scheme 1). Here, we report the synthesis of 2 0 ,4 0 -BNA COC monomers having a purine nucleobase via formation of a COC linkage under mild conditions, and we describe the properties of the corresponding oligonucleotide derivatives.
MATERIALS AND METHODS

General aspects and instrumentation
All reactions were performed under an atmosphere of nitrogen. Unless otherwise mentioned, all chemicals from commercial sources were used without further purification. Acetonitrile (MeCN), dichloromethane (CH 2 Cl 2 ), dichloroethane (DCE), triethylamine and pyridine were distilled from CaH 2 . Tetrahydrofuran (THF) was distilled from CaH 2 followed by LiAlH 4 just before use. All melting points were measured with a Yanagimoto micro melting point apparatus and are uncorrected. 1 H NMR (270 or 300 MHz), 13 C NMR (67.8 or 75.5 MHz) and 31 P NMR (202.4 MHz) spectra were recorded on JEOL EX-270, JEOL-AL-300 and JEOL GX-500 spectrometers, respectively. Chemical shifts are reported in parts per million downfield from tetramethylsilane or deuterated solvent as internal standard for 1 H and 13 C spectra, and 85% H 3 PO 4 as external standard for 31 P spectra. IR spectra were recorded on a JASCO FT/IR-200 spectrometer. Optical rotations were recorded on a JASCO DIP-370 instrument. Mass spectra were measured on JEOL JMS-600 or JMS-700 mass spectrometers. Column chromatography was carried out using Fuji Silysia PSQ100B or FL-100D. Matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectra were recorded on Bruker Daltonics Õ Autoflex II TOF/TOF instruments.
Trimethylsilyl chloride (TMSCl) (0.5 ml) was added to a suspension of N 6 -benzoyladenine (2.17 g, 9.07 mmol) in anhydrous hexamethyldisilazane (HMDS) (35 ml) at room temperature and the mixture was refluxed for 24 h. After the resulting clear solution was evaporated under reduced pressure, to the residue a solution of compound 4 (30) (4.80 g, 7.56 mmol) in anhydrous DCE (25 ml) and trimethylsilyl trifluorimethanesulfonate (TMSOTf) (0.14 ml, 0.756 mmol) were added and the mixture was refluxed for 11 h. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 
K 2 CO 3 (98 mg, 0.712 mmol) was added to a solution of compound 5 (193 mg, 0.237 mmol) in MeOH (3.4 ml) at 08C, and the mixture was stirred at the same temperature for 1.5 h. After neutralization with a 10% aqueous HCl solution (0.26 ml), the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 
DBU (0.39 ml, 2.58 mmol) was added to a solution of compound 5 (1.05 g, 1.29 mmol) in anhydrous DMF (6.4 ml) at 08C and the mixture was stirred for 10 min. Benzyloxymethyl chloride (BOMCl) (0.27 ml, 1.93 mmol) was added to the reaction mixture at 08C and the mixture was stirred at the same temperature for 1 h. After addition of water at 08C, the mixture was extracted with Et 2 O. The organic extracts were washed with 0.5 M aqueous KHSO 4 solution, water and brine, dried over MgSO 4 , 
K 2 CO 3 (1.61 g, 11.6 mmol) was added to a solution of compound 8 (3.62 g, 3.88 mmol) in MeOH (80 ml) at 08C and the mixture was stirred for 50 min. After neutralization with a 10% aqueous HCl solution (4.3 ml), the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 
N-bromosuccinimide (NBS) (312 mg, 1.75 mmol) was added to a solution of compound 9 (373 mg, 0.438 mmol) in anhydrous dimethylsulfoxide (DMSO) (5.5 ml) at room temperature and the mixture was stirred at 608C for 1.5 h. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 
Twenty-eight percent aqueous NH 3 (1.2 ml) was added to a solution of compound 10 (209 mg, 0.242 mmol) in THF (2.4 ml) at room temperature. The flask was sealed and the mixture was stirred at 508C for 48 h. The mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by silica gel column chromatography [hexane/AcOEt (2:1, v/v)] to give compound 11 (186 mg, quant. 
Tetrabutylammonium fluoride (TBAF) (1.0 M solution in THF, 0.19 ml, 0.19 mmol) was added to a solution of compound 11 (128 mg, 0.169 mmol) in THF (1.7 ml) at room temperature and the mixture was stirred at room temperature for 3 h. After addition of hexane/AcOEt (1:1, v/v, 2.0 ml) at room temperature, the mixture was evaporated under reduced pressure to one-tenth of its volume. The residue was purified by silica gel column chromatography [hexane/AcOEt (2:5, v/v)] to give compound 12 (80 mg, 91% 
2'-O,4'-C-(Methylenoxymethylene)adenosine (13)
Twenty percent Pd(OH) 2 -C (750 mg) and ammonium formate (3.00 g, 47.43 mmol) were added to a solution of compound 12 (493 mg, 0.949 mmol) in EtOH/AcOH (100:3, v/v, 24 ml) at room temperature and the mixture was refluxed for 3.5 h. The hot solution was filtrated through a Celite pad and Celite was washed with boiling MeOH (200 ml). After addition of SiO 2 (3.0 g) to the filtrate, the mixture was concentrated under reduced pressure. 
6-N-Benzoyl-2'-O,4'-C-(methylenoxymethylene) adenosine (14)
Benzoyl chloride (0.016 ml, 0.136 mmol) was added to a solution of compound 13 (8.4 mg, 0.027 mmol) in anhydrous pyridine (0.3 ml) at room temperature and the mixture was stirred at room temperature for 12 h. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with saturated aqueous NaHCO 3 solution twice, followed by washes with water and brine, then dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was dissolved in MeOH/1,4-dioxane (2:1, v/v, 0.81 ml) and NaOMe (28% solution in MeOH, 0.052 ml) was added. After stirring for 5 min at room temperature, the mixture was neutralized with DOWEX 50W-X2 and filtrated. After addition of SiO 2 (1.0 g) to the filtrate, the mixture was concentrated under reduced pressure. The residue was purified by silica gel column chromatography [CHCl 3 /MeOH (40:1!20:1, v/v)] to give compound 14 (7.7 mg, 68% over two steps 
Synthesis of compound 15 from compound 14 (path A). To a suspension of AgOTf (622 mg, 2.42 mmol) in CH 2 Cl 2 (2.0 ml) was added dropwise DMTrCl (820 mg, 2.42 mmol) in CH 2 Cl 2 (8.0 ml) at room temperature, and the mixture was stirred for 1 h at room temperature. The supernatant fluid (2.5 ml, 2.5 eq.) was added to a solution of compound 14 (101 mg, 0.244 mmol) in CH 2 Cl 2 /pyridine (1:1, v/v, 4.8 ml) at room temperature and the mixture was stirred for 1 h. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 Synthesis of compound 15 from compound 13 (path B). To a suspension of AgOTf (1.06 g, 4.13 mmol) in CH 2 Cl 2 (3.0 ml) was added dropwise DMTrCl (1.40 g, 4.13 mmol) in CH 2 Cl 2 (7.0 ml) at room temperature and the mixture was stirred for 1 h. The supernatant fluid (3.0 ml, 3.0 eq.) was added to a solution of compound 13 (128 mg, 0.413 mmol) in CH 2 Cl 2 /pyridine (1:2, v/v, 8.4 ml) at room temperature and the mixture was stirred for 1.5 h. Benzoyl chloride (0.24 ml, 2.07 mmol) was added to the mixture at room temperature and the mixture was stirred for 24 h. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with saturated aqueous NaHCO 3 solution twice, followed by washes with water and brine, then dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was dissolved in THF (5.6 ml) and 1 M aqueous LiOH (2.8 ml, 2.8 mmol) was added. After stirring for 5 h at room temperature, the mixture was extracted with AcOEt. The organic extracts were washed with saturated aqueous NaHCO 3 solution twice, followed by washes with water and brine, then dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by silica gel column chromatography [hexane/AcOEt (1:2, v/v)] to give compound 15 (272 mg, 92% over two steps).
To a solution of compound 15 (283 mg, 0.396 mmol) in MeCN (3.0 ml) were added 4,5-dicyanoimidazole (0.25 M in MeCN, 1.9 ml, 0.48 mmol) and (i-Pr 2 N) 2 POCH 2 CH 2 CN (0.19 ml, 0.59 mmol) at room temperature and the mixture was stirred at room temperature for 16 h. After removal of the solvent under reduced pressure, the residue was diluted with AcOEt, washed with saturated aqueous NaHCO 3 solution, water and brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was purified by silica gel column chromatography [hexane/AcOEt (2:3, v/v)] followed by the precipitation from hexane/AcOEt to give compound 17 (304 mg, 84% 
To a suspension of O 6 -(diphenylcarbamoyl)-N 2 -isobutyrylguanine (121 mg, 0.291 mmol) in DCE (1.9 ml) was added N,O-bis(trimethylsily)acetamide (0.17 ml, 0.678 mmol) at room temperature, and the mixture was stirred at 808C for 30 min. After the resulting clear solution was evaporated under reduced pressure, to the residue a solution of compound 4 (123 mg, 0.194 mmol) in anhydrous toluene (1.9 ml) and TMSOTf (0.04 ml, 0.233 mmol) were added and the mixture was stirred at 808C for 2 h. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 
A mixture of 18 (100 mg, 0.10 mmol) and K 2 CO 3 (42 mg, 0.30 mmol) in MeOH (1.4 ml) was stirred at 08C for 40 min. After neutralization with a 10% aqueous HCl solution (0.11 ml), the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 
To a solution of 19 (123 mg, 0.136 mmol) in anhydrous DMSO (1.7 ml) was added NBS (145 mg, 0.816 mmol) at room temperature and the mixture was stirred at 608C for 40 min. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 To a solution of 20 (801 mg, 0.871 mmol) in anhydrous DMSO (7.2 ml) was added NaNO 2 (1.20 g, 17.42 mmol) at room temperature and the mixture was stirred at 708C for 19 h. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 , and concentrated under reduced pressure. The residue was dissolved in THF (8.7 ml) and TBAF (1.0 M in THF, 1.05 ml, 1.05 mmol) was added. After stirring for 15 h at room temperature, the solvent was removed under reduce pressure. The residue was purified by silica gel column chromatography [hexane/AcOEt (1:2, v/v) and AcOEt/EtOH 
2-N-Isobutyryl-2'-O,4'-C-(methylenoxymethylene) guanosine (22)
Twenty percent of Pd(OH) 2 -C (170 mg) was added to a solution of compound 21 (171 mg, 0.351 mmol) in MeOH (7.0 ml) at room temperature and the mixture was stirred under an H 2 atmosphere for 40 h. After filtration of the mixture, the filtrate was concentrated under reduced pressure. 
5'-O-(4,4'-Dimethoxytrityl)-2-N-isobutyryl-2'-O,4'-C-(methylenoxymethylene)guanosine (23)
To a solution of 22 (265 mg, 0.670 mmol) in anhydrous pyridine (5.2 ml) was added DMTrCl (454 mg, 1.340 mmol) at room temperature and the mixture was stirred for 9 h. After addition of saturated aqueous NaHCO 3 solution at 08C, the mixture was extracted with AcOEt. The organic extracts were washed with water and brine, dried over Na 2 SO 4 
Synthesis of BNA COC 27 and 30
Syntheses of 2 0 ,4 0 -BNA COC -modified oligonucleotides (BNA COC ) 27 and 30 were performed at a 0.2 mmol scale on an automated DNA synthesizer (Applied Biosystems Expedite TM 8909) using the standard phosphoramidite protocol except that the coupling time was increased from the standard 1.5-20 min. As an activator, 5-ethylthio-1H-tetrazole was used for every coupling step. Oligonucleotide synthesis was performed on DMTr-OFF mode. Cleavage from the universal CPG support was accomplished by using a 2 M ammonia methanol solution at room temperature for 1.5 h and removal of the protecting groups was accomplished by using a 28% ammonia solution at 558C for 15 h. The obtained crude oligonucleotides were purified with Sephadex TM G-25 (Amersham Biosciences, NAP TM 10 Column) followed by reversed-phase HPLC (Waters XTerra Õ MS C 18 2. 
UV melting experiments (T m measurements)
UV melting experiments were carried out on a SHIMADZU UV-1650PC spectrometer equipped with T m analysis accessory quartz cuvettes of 1 cm optical path length. The UV melting profiles were recorded in 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at scan rate of 0.58C/min with detection at 260 nm. The final concentration of each oligonucleotide was 4 mM. The melting temperatures were obtained as the maxima of the first derivative of the melting curves.
CD spectroscopy
CD spectra were measured with a JASCO J-720W spectrophotometer. Spectra were recorded at 128C in a quartz cuvette of 0.1 cm optical path length. The samples were prepared in the same manner as described for the UV melting experiments. The molar ellipticity was calculated from the equation [] ¼ /cl, where is the relative intensity, c is the sample concentration, and l is the cell path length in centimeters.
X-ray crystallographic data
Crystallographic data (excluding structure factors) of 13 has been deposited at the Cambridge Crystallographic Data Center as supplementary publication no. CCDC 634527. Copy of the data can be obtained, free of charge via www.ccdc.cam.ac.uk/cgi-bin/catreq.cgi (or from the Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; fax: þ44 1223 336033; or email: deposit@ccdc.cam.ac.uk).
RESULTS
Synthesis of 2',4'-BNA COC -A
As shown in Scheme 2, the synthesis of the protected 2 0 ,4 0 -BNA COC -A Bz (7), bearing a seven-membered bridged structure, from 4 (30) was performed. According to Vorbru¨ggen's procedure (32,33), triacetate 4 was coupled with N 6 -benzoyladenine to give 5. Two acetyl groups of 5 were removed to give diol 6 sequentially. At first, diol 6 was treated with paraformaldehyde under acidic conditions; the same reaction conditions for the synthesis of the pyrimidine congener (Scheme 1) (30). However, the methyleneacetal formation did not proceed, while cleavage of the glycosidic linkage was predominantly observed. Then, several reaction conditions were attempted for formation of the methylenoxymethylene (COC) linkage (Table 1) . Basic reaction conditions were also employed; however, the desired product 7 was not obtained at all (Table 1 , Run 2 and 3). At last, we found that the reaction of diol 6 with NBS in DMSO (34) slightly proceeded to give a trace amount of the target compound 7 bearing a seven-membered bridged structure (Table 1 , Run 4). The methyleneacetal formation using NBS in DMSO was dramatically improved by protection with the benzyloxymethyl (BOM) group of the N 6 -amide moiety, which might cause many side reactions, to give the desired compound 10 bearing a seven-membered bridged structure in 74% yield as shown in Scheme 3. Because all our attempts for
in the presence of the N 6 -benzoyl group failed, we alternatively attempted to remove the N 6 -benzoyl group with 28% ammonia aqueous solution to afford 11. The tert-butyldiphenylsilyl (TBDPS) group was removed by treatment with TBAF to give 12. Hydrogenation of 12 with palladium hydroxide on carbon and ammonium formate resulted in removal of both benzyl and BOM groups to finally afford the desired 2 0 ,4 0 -BNA COC -A monomer 13. As shown in Scheme 4, after perbenzoylation of 13, the obtained compound was treated with sodium methoxide to give diol 14. Reaction of a primary hydroxyl group in 14 with 4,4 0 -dimethoxytrityl trifluolomethanesulfonate (35) gave 15 in 68% yield from 13 (path A). We attempted another synthetic route to improve the yield of 15. We found that reaction of 2 0 ,4 0 -BNA COC -A monomer 13 with 4,4 0 -dimethoxytrityl trifluolomethanesulfonate followed by treatment with benzoyl chloride by a one-pot operation gave 16. Selective removal of both the O Table 4 , and also see experimental sections). No scalar coupling between H1 0 and H2 0 in the 1 H NMR spectra of 13 and 22 strongly suggested the North-type (N-type) sugar puckers, as observed in a series of 2 0 ,4 0 -BNA (LNA). The crystal structure of 2 0 ,4 0 -BNA COC -A (13) revealed the pseudorotation phase angle P (328) supporting its N-type sugar pucker and COC linkage configuration surrounded the O3 0 atom. Moreover, the max and d values of 13 were 388 and 788, respectively. These values are in good agreement with the parameters of the C 3 0-endo structure which is the typical N-type seen in the A-form RNA duplex (4-6).
BNA
COC oligonucleotide synthesis 2 0 ,4 0 -BNA COC phosphoramidites were incorporated into oligonucleotides by conventional phosphoramidite chemistry on an automated DNA synthesizer. The coupling efficiency of 2 0 ,4 0 -BNA COC phosphoramidites was decreased by using 4,5-dicyanoimidazole as an activator due to steric hindrance of the seven-membered ring structure with a methylenoxymethylene linkage. After several trials, we found that the coupling efficiency was remarkably improved (over 95% yield) when the coupling time was prolonged to 20 min from 90 s for 2 0 ,4 0 -BNA COC phosphoramidites and 5-ethylthio-1H-tetrazole was used as the activator [In the case of PrNA which also has a seven-membered ring structure, the coupling efficiency Table 2 . In its own series, the BNA COC duplex showed an extremely high T m value compared with the corresponding DNA duplex (iT m > þ438C) and the RNA 
Mismatch discrimination of 2',4'-BNA COC -modified oligonucleotides
To analyze the base selectivity of BNA COC , we investigated the duplex stabilities between BNA COC 27 and mismatched DNA or RNA complements. The melting temperatures (T m ) of duplexes are shown in Table 3 . With the mismatched DNA complement, the T m values of natural DNA 25 decreased by À118C to À158C compared to that of the fully-matched duplex, while both natural RNA 26 and BNA COC 27 showed T m values lower than room temperature. In the case of duplexes with a mismatched RNA complement, BNA COC 27 recognized one base mismatch (iT m ¼ À68C to À218C) by a similar manner to that observed in natural DNA 25 (iT m ¼ À58C to À168C). The differences in T m values between matched and mismatched duplexes were larger than those observed for duplexes containing RNA 26 (iT m ¼ À38C to À128C). As expected, the TÀG wobble base pair was more stable than the other mismatched base pairs in all cases investigated.
Analysis of the helical structure of 2',4'-BNA COC -modified oligonucleotide Circular dichroism spectroscopic analyses of BNA COChybridizing duplexes were performed to investigate the structural preferences. CD spectra were recorded at 108C for the BNA COC duplex 27/30, the BNA COC /DNA heteroduplexes 27/28 and 30/25, the BNA COC /RNA heteroduplexes 27/29 and 30/26, as well as for the control DNA duplex 25/28, the RNA duplex 26/29 and the DNA/RNA duplexes 25/29 and 28/26 (Figure 4) . The CD spectra of BNA COC duplex 27/30 and the BNA COC /RNA heteroduplexes 27/29 and 30/26 were similar to that of the natural RNA duplex. These spectra showed a large positive Cotton band around 265 nm and a large negative Cotton band at 210 nm, indicating a typical A-form helix formation ( Figure 4A ). In the case of the BNA COC /DNA and the RNA/DNA heteroduplexes, all spectra were very similar to each other and the shoulder band around 280 nm suggested an intermediate between A-and B-form geometry. This revealed that BNA COC formed duplexes with complementary DNA in the same manner the natural RNA did. Additionally, the CD profile of the natural DNA duplex belonged to no other types of duplexes in this study. Table 4 . In making a comparison between 2 0 ,4 0 -BNA COC -A monomer 13 and 2 0 ,4 0 -BNA COC -T monomer 3, even though the pseudorotation phase angle P are slightly different from each other, they are in the range preferred by the C 3 0 -endo conformation (08 P 368) which is the typical N-type geometry fit in a natural A-form RNA duplex (4) (5) (6) The UV melting profiles were measured in 10 mM sodium phosphate buffer (pH 7.2) containing 100 mM NaCl at a scan rate of 0.58C/min at 260 nm. The concentration of the oligonucleotide used was 4 mM for each strand. BNA COC oligonucleotides are shown in small letters. showed the typical A-form features on the CD spectra, while the BNA COC /DNA heteroduplexes showed the same aspect with the natural RNA/DNA duplex ( Figure 4 ). These differences between BNA and BNA COC probably correlate with the above-mentioned conformational features of each monomer, that is to say, the oligonucleotide bearing a fixed N-type sugar conformation and larger max value than that of the typical A-form duplex could force the complementary DNA to take an N-type sugar conformation in the duplex.
Concerning the thermal stability, BNA COC forms a very stable duplex with complementary RNA, while it moderately stabilizes the duplex with complementary DNA. On the other hand, BNA formed extremely stable duplexes with both complementary DNA and RNA (9, (20) (21) (22) , and PrNA, which possesses an alternative -CH 2 CH 2 CH 2 -group to -CH 2 OCH 2 -of 2 0 ,4 0 -BNA COC within the bridge structure, leads to a decrease in duplex stabilities with both complementary DNA and RNA (24). These differences in hybridization properties would probably result from a balance between the entropic advantages derived from the conformational restriction of the sugar moiety (10) and the disadvantages caused by the additional bridge structure. BNA possesses a rigid N-type sugar restricted with a small bridge to make a great entropic advantage over any other disadvantages. In the case of BNA COC , the entropic advantage by the sugar restriction would be smaller than that of BNA because of the large perturbation of 2 0 ,4 0 -BNA COC come from the larger bridge structure compared with 2 0 ,4 0 -BNA (LNA) (40; Supplementary Figure S1 ). However, the hydrophilic bridge structure of BNA COC could somewhat positively influence the network of hydration around the duplex. 
